Recent analysis of air samples from Chicago and Lake Michigan areas observed a ubiquitous airborne polychlorinated biphenyl (PCB) congener, 3,3′-dichlorobiphenyl (PCB11). Our analysis of
Polychlorinated biphenyls (PCBs) are a group of 209 chemically related compounds, which consist of a biphenyl with a varying number of chlorines. Although the production of PCBs peaked in the 1970s and their manufacture curtailed due to production bans, a significant portion of PCBs is still present in the environment. Due to their environmental persistence, PCBs are routinely accumulated in the general environment as well as in human tissues such as breast milk and adipose tissue. They are also globally distributed throughout the atmosphere by upper level air currents (Demers et al., 2002; Flynn and Kleiman, 1997; Ritchie et al., 2003) . PCBs so distributed are called airborne PCBs and represent the family of lower chlorinated PCBs that currently pose a potential health risk mostly through the inhalation route (Hu et al., 2013) . Recent PCB inhalation studies demonstrated that airborne PCBs are quickly absorbed into the blood stream and distributed to the tissues (eg, brain) suggesting they may present different health effects than higher chlorinated PCBs (Dhakal et al., 2013; Hu et al., 2012) .
Due to the strict regulation of PCB disposal, some reports suggest that the concentration of PCBs has decreased in the environment (Hu et al., 2008) . However, recent research on air samples in the Chicago and Lake Michigan area discovered a wide distribution of 3,3′-dichlorobiphenyl (PCB11) (Basu et al., 2009; Hu et al., 2008) . Although major airborne PCB congeners were almost certainly volatilized from the commercial mixture that contains about 50-100 PCB congeners (Cochran and Frame, 1999) , the report also points out that PCB11 was not produced during Aroclor manufacturing or microbial dechlorination of Aroclor PCBs (Petrick et al., 1988) . PCB11 might originate from the production of diarylide yellow and other pigments from 3,3′-dichlorbenzidine and is present in commercial paints, consumer goods including printed paper and cardboard packaging still in use Rodenburg et al., 2010) . These results imply that airborne PCBs continue to be an environmental problem affecting large populations. Therefore, an understanding of the biological effects of PCB11 and its hydroxylated metabolites could have important ramifications in clarifying the potential risks associated with airborne PCBs.
It has been known for more than 20 years that chronic PCB exposure contributes to human toxicity, including hepatotoxicity, neurotoxicity, immunotoxicity, carcinogenicity, and hormonal disruption (Demers et al., 2002; Moysich et al., 2002; Oakley et al., 1996; Ross, 2004) . In epidemiological studies, increased mortality from cancers of the liver, gallbladder, biliary tract, gastrointestinal tract, malignant melanoma, as well as breast and prostate cancers were also observed in capacitor manufacturing workers exposed to a series of PCB mixtures (Bertazzi et al., 1987; Demers et al., 2002; Knerr and Schrenk, 2006; Moysich et al., 2002) .
In addition to the well-known toxicity of Ah receptor agonists (dioxin-like PCBs), many new receptor-driven and metabolically driven PCB toxicities have been recently identified. Airborne PCBs, previously thought to be less of an environmental concern because they do not accumulate and have shorter half-lives, now are of increasing concern because of their demonstrated metabolism to stable metabolites and to more reactive electrophiles that may attack important cellular macromolecules. For example, OH-PCBs are substrates and inhibitors of sulfotransferases (Ekuase et al., 2011; Liu et al., 2011) and OH-PCBs as well as their sulfate esters bind, in some cases avidly, to serum proteins and thus interfere with the transport of vitamins and hormones (Grimm et al., 2013) . Furthermore, the reactivities of PCB metabolites toward DNA (causing mutations, sister chromatid exchanges, aneuploidy, clastogenicity) have been elucidated (reviewed in Ludewig et al., 2008; Robertson and Ludewig, 2011 ). An expanded understanding of the variety of mechanisms/ targets of PCBs has led International Agency for Research on Cancer (IARC) recently to upgrade PCBs, as a class, to Human Carcinogens (Group 1) and to declare sufficient evidence for human melanoma and limited evidence for non-Hodgkin lymphoma and breast cancer (Lauby-Secretan et al., 2013) .
Previous research in Zhu et al. (2009) using PCB-exposed exponential growing human breast and prostate epithelial cells clearly showed PCBs and their metabolites could significantly affect cell growth and reproductive integrity by increasing the steady-state levels of reactive oxygen species (ROS).
However, there are relatively few reports available on recently discovered PCB11 in the Chicago ambient air, regarding PCBinduced ROS. The detection of PCB11 in human samples was first reported by Marek et al. (2013) . In addition, unlike the heavily chlorinated PCBs, the family of lower chlorinated PCBs (like PCB11) is potentially much easier to metabolize to hydroquinones or quinones, which may contribute to cellular damage. Given the fact that those hydroquinones and quinones both had significant effects on oxidative metabolism leading to the increased level of ROS production, it is possible that the hydroxyl metabolites of airborne PCBs could also induce increased steady-state level of ROS and then play a significant role in cellular cytotoxicity.
In the current study, the hydroxylated metabolites of PCB congeners were determined in human serum samples, which confirmed the existence of PCB11 metabolites including 4-OH-PCB11 in humans for the first time in the literature. The 4-OH-PCB11 metabolite was shown to increase the steady-state levels of superoxide (O 2
•− ) and hydroperoxides in exponentially growing RWPE-1 human nonmalignant prostate epithelial cells. This increased level of ROS was accompanied by the inhibition of cell growth and clonogenic cell killing. Treatment of cells with antioxidants 1 h following exposure to PCBs was able to significantly diminish the toxicity associated with PCBs in human prostate epithelial cells. These results support the hypothesis that airborne PCBs and/or their metabolites could increase the steadystate levels of ROS, which could further induce alterations in cell growth and proliferation. More importantly and consistent with earlier research, the data could provide information as to the efficacy of antioxidant manipulation following PCB exposure to protect human cells against PCB-induced intoxication.
MaTERiaLS anD METHODS
Cells and PCBs used in the experiments. The nonmalignant RWPE-1 human prostate epithelial cells were cultured in the Keratinocyte-SFM serumfree medium (Life Technologies, Grand Island, New York) with additives (epidermal growth factor 1-53 and bovine pituitary extract). Cells were maintained and experiments were accomplished in a humidified incubator at 37°C with 5% CO 2 . All experiments were done using exponentially growing cell cultures at 50% confluence. Cells were exposed to PCB11, 4-OH-PCB11, and a mixture of PCB congeners called the Chicago air mixture. Four methoxylated PCB11 derivatives were synthesized as described previously (Song et al., 2008) for use as standards. Additional details regarding their synthesis and characterization are provided as Supplementary material. A description of the preparation and characterization of the Chicago air mixture, a PCB mixture resembling the average profile in Chicago air, has been reported previously (Zhao et al., 2010) . Diazomethane was prepared from N-methyl-N-nitroso-p-toluenesulfonamide (Diazald) using an Aldrich mini Diazald apparatus (Milwaukee, Wisconsin) following established procedures (Kania-Korwel et al., 2008) . Dimethyl sulfoxide (DMSO) was used as the vehicle control in all experiments.
Human serum sample collection. Human serum samples were obtained from 3 volunteers (all males, ages between 26 and 55) for this study. Participants were asked to fast for 12 h before blood extraction. The blood samples (100 ml) were drawn by venipuncture, kept refrigerated, and centrifuged within 4 h; the separated serum was first stored frozen at −20°C until analysis. All the protocols and procedures were approved by The University of Iowa Institutional Review Board committee.
Determinations of PCBs and OH-PCBs in human serum.
The methods used to analyze the human serum for PCBs and OH-PCBs are described in Marek et al. (2013) . Briefly, serum was spiked with PCB and OH-PCB surrogate standards, denatured, and extracted using liquid-liquid partitioning. OH-PCBs were derivatized to the methoxylated form using diazomethane, and both PCB and OH-PCB fractions were cleaned using concentrated sulfuric acid (Kania-Korwel et al., 2008; Marek et al., 2013) . All solvents were pesticide grade quality and the water was optima quality (Fisher Scientific). PCB samples were spiked with internal standard PCB204 and d-PCB30 immediately prior to analysis on the instrument. A gas chromatography with tandem mass spectrometry (GC/MS/MS, Agilent 6890N Quattro Micro GC with Micromass MS Technologies) in multiple reaction monitoring mode was employed to analyze samples for all 209 PCBs as 159 individual or coeluting congener peaks. OH-PCB samples as MeO-PCBs were spiked with internal standard PCB209 immediately prior to analysis on the instrument.
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Gas chromatography with electron capture detection (GC-ECD, Agilent 6890N ) was employed to analyze samples for 4 major OH-PCBs (4-OH-PCB107, 3-OH-PCB138, 4-OH-PCB146, and 4-OH-PCB187) and 4 hydroxylated metabolites of PCB11 (2-OH-PCB11, 4-OH-PCB11, 5-OH-PCB11, and 6-OH-PCB11). The detection limit for PCBs and OH-PCBs was 1 pg/g fresh weight. Both the PCB and OH-PCB congener mass calculation was performed by applying a relative response factor obtained from the calibration standard for each congener. The surrogate standards were used to adjust the final concentrations to percent recovery on a per sample basis. Quality assurance and quality control were assessed for every sample using blanks and surrogate standards (see Supplementary material).
Growth curve and clonogenic survival. To determine whether the PCB exposure alters the cell proliferation in RWPE-1 cells, a growth curve was constructed. 100 000 cells per dish were plated in 60-mm tissue culture dishes. After 48 h, the cells were treated with 3μM PCBs every day for 5 days. Media in all the dishes were changed daily, and fresh 3μM PCBs were added into media. The cell numbers were counted from day 1 through day 5 and used to construct the growth curve. At the same time, cells were replated using appropriate dilutions, and clonogenic survival evaluated after 14 days in regular growth medium in order to test the cytotoxicity of PCBs. Cells were stained with Coomassie blue, and colonies of more than 50 cells counted and utilized to calculate clonogenic survival as described (Spitz et al., 1990) . We also tested the cytotoxic effects of 4-OH-PCB11 at different doses (0.03-30nM) using trypan blue exclusion as described Estimation of intracellular superoxide levels using dihydroethidium oxidation. Steady-state levels of O 2
•− were estimated using the oxidation of a fluorescent dye, dihydroethidium (DHE), purchased from Life Technologies. Cells were plated and treated for 5 days with PCBs as described earlier. On day 6, the cells were trypsinized and washed and then labeled in 5mM/l pyruvate containing PBS with DHE (10μM, in 0.1% DMSO, 40 min) at 37°C. After labeling, cells were kept on ice. Samples were analyzed using a FACScan flowcytometer (Becton Dickinson Immunocytometry System, Inc, Mountain View, California) (excitation 488 nm, emission 585/25 nm band-pass filter). The mean fluorescence intensity (MFI) of 10 000 cells was analyzed in each sample and corrected for autofluorescence from unlabeled cells. The MFI data were normalized to control levels (Li et al., 2001; Slane et al., 2006) .
Measurement of intracellular hydroperoxides.
Steady-state levels of hydroperoxides were estimated using the oxidation-sensitive {CDCFH 2 [5-(and 6-)carboxy-2′,7′-dichlorodihydrofluorescein diacetate]; 10 μg/ml} and oxidation-insensitive {CDCF [5-(and 6-)carboxy-2′,7′-dichlorofluorescein diacetate]; 10 μg/ml} fluorescent dyes (dissolved in 0.1% DMSO) that were obtained from Molecular Probes. Cells were plated and treated with PCBs for 5 days as described above. On day 6, the cells were trypsinized and washed with PBS once and then labeled with CDCFH 2 or CDCF (10 μg/ml, in 0.1% DMSO, 15 min) at 37°C. After labeling, cells were kept on ice. Samples were analyzed using a FACScan flowcytometer (Becton Dickinson Immunocytometry System, Inc) (excitation 488 nm, emission 530/30 nm band-pass filter). The MFI of 10 000 cells was analyzed in each sample and corrected for autofluorescence from unlabeled cells. The MFI data were normalized to control group (Slane et al., 2006) .
Survival experiments using PEG-CAT/PEG-CuZnSOD and NAC treatments.
In order to test for a possible causal relationship between the PCB-induced ROS and biological effects of PCBs and PCB metabolites, a clonogenic assay with PCBs and antioxidant treatments was performed. Cells were plated at a density of 50 000 cells per 60-mm dish, and first treated with 3μM PCBs after 48 h. One hour after PCB treatment, polyethylene glycol-conjugated catalase (PEG-CAT) combined with polyethylene glycol-conjugated CuZn superoxide dismutase (PEG-CuZnSOD) (50 U/ ml each) or N-acetylcysteine (NAC) (5mM) was added into the cell culture media on target cells. This protocol was repeated with a fresh media change every 24 h for 3 days. On day 4, cells were trypsinized, counted, and replated in complete control media using appropriate dilutions and clonogenic survival evaluated.
Statistical analysis. Statistical analysis was performed using GraphPad Prism version 4.00 for Windows (GraphPad Software, San Diego, California). Data were expressed as mean ± SEM unless otherwise specified. One-way ANOVA analysis with Tukey's postanalysis was used to study the differences among 3 or more means. Significance was determined at p < .05 and the 95% confidence interval.
RESuLTS
Fifty-one PCBs as individual or coeluting congeners were detected in the human blood obtained from 3 different donors (Fig. 1) . The total PCB congener concentrations ranged from 0.179 to 3.55 ng/g fresh weight (0.5-10nM). These results were compared with fresh weight concentrations in airborne exposure to semivolatile organic pollutants (AESOP) participants, where sum of 209 PCBs ranged from below detection to about 1.23 ng/g fresh weight (0-3.5nM), with the highest concentration of 3.52 ng/g fresh weight (10nM) being the only value outside this range (Marek et al., 2013) . In contrast, PCB serum concentrations (calculated from the analysis of 13 PCBs) in Belgian and Romanian populations ranged 0.375-19.430 ng/ml (1-60nM), with a median concentration of about 3 ng/ml (9nM) (Dirtu et al., 2010) . The National Health and Nutrition Examination Survey (NHANES) reports a median concentration calculated from analysis of 40 PCBs of 0.275 ng/g fresh weight (0.8nM) for subjects 12-29 years, 0.470 ng/g fresh weight (1nM) for subjects 20-39 years, and 1.206 ng/g fresh weight (4nM) for subjects 40-59 years (Patterson et al., 2009) . Figure 1 also clearly shows that the 3 donors had different distributions of PCB congeners. Although lower chlorinated PCBs were detected in all 3 donors, donor 2 had significantly higher levels of higher chlorinated PCBs with comparatively high PCB153 levels, which might be attributed to the lifestyle and dietary intake as well as physiological differences.
Because lower chlorinated PCBs and their metabolites were detected in all 3 donors, we extended the analysis to examine the recently discovered PCB congener in Chicago air, PCB11 and its metabolites. Because PCB11 and other lower chlorinated PCBs can be rapidly metabolized, 4 specific hydroxylated PCB metabolites (OH-PCBs) were quantitatively examined in the human serum samples. Although PCB11 was not detected, Table 1 shows the existence of 3 different OH-PCB11 metabolites with detectable levels in human serum. Moreover, some of the major hydroxylated PCB metabolites for PCB107, PCB138, PCB146, and PCB187 were also detected (Table 1) . Total concentrations of the major OH-PCBs ranged from 0.022 to 0.313 ng/g fresh weight (0.07-0.7nM). Donor 2, who had the highest PCB concentrations, also had the highest total OH-PCB concentrations (Table 1) . For comparison, total OH-PCB metabolites of 4 congeners detected in AESOP participants ranged from 0.011 to 1.18 ng/g fresh weight (0.04-3.5nM), with a median concentration of 0.07 ng/g fresh weight (0.2nM) (Marek et al., 2013) . The Romanian and Belgian donors had a range of 0.050-0.795 ng/ml fresh weight (0. 2-3nM) total OH-PCB concentration of 12 congeners (Dirtu et al., 2010) . Based on a comparison of retention times between the calibration and sample, we also detected evidence of some PCB11 metabolites at very low concentrations (Table 1) , which are at least an order of magnitude lower than the major human hydroxylated PCB metabolites of other congeners. The current study is the first to provide evidence of the 3 different OH-PCB11 metabolites existing in human samples.
In order to test the hypothesis that PCB11 and its metabolites could cause disturbances in cell growth and clonogenic cell killing in human prostate epithelial cells (RWPE-1), experiments were conducted, the results of which are shown in Figure 2 . RWPE-1 cells were chosen because they represent an immortalized but not fully malignantly transformed human prostate epithelial cell line. Exponentially growing RWPE-1 cells were exposed in complete Keratinocyte-SFM media to the indicated PCBs and PCB metabolites (3μM) for 5 days, and following trypsinization, cell number per dish was determined at each time point using a Coulter counter. Because the airborne PCBs contain not only PCB11 but include other major congeners, an airborne Aroclor mixture, resembling the Chicago ambient air congener profile formulated by The University of Iowa Superfund Research Program Synthesis Core, was also tested to understand the impact of these airborne PCBs and their metabolites on cell toxicity. To fully describe the toxicity of PCB11 in human cells, 4-OH-PCB11, a major metabolite of PCB11 was also included in the study. The dose of 3μM was chosen for the current study as representative of the upper limit of all PCB concentrations. This measurement occurs in the circulation of people living in the Anniston flood plain Figure 2A shows that only the 4-OH-PCB11, a metabolite of PCB11, showed significant inhibitory effects on RWPE-1 cell growth, relatively to vehicle control. Cells treated with 4-OH-PCB11 grew slowly for the first 3 days; however, during the last 2 days, the treatment caused a complete growth arrest and cell number per dish decreased. This effect was not seen in other airborne PCBs treated RWPE-1 cells. The doubling time of 4-OH-PCB11-exposed cells before growth arrest ( Fig. 2A) was calculated using the equation: T d = 0.693t/ ln(N t /N 0 ), where N t and N 0 represent cell number at time t and time 0, respectively. Compared with the doubling time of cells exposed to PCB11 (26 h) and cells exposed to Aroclor air mixture (27 h), the RWPE-1 cells exposed to 4-OH-PCB11 demonstrated 70-h doubling time prior to complete growth arrest.
To determine if the same PCBs could also induce the irreversible loss of reproductive integrity, a clonogenic survival assay was performed by replating the RWPE-1 cells in the absence of PCBs at various times during the exposure. Consistent with Fig. 2 . Airborne PCB-induced perturbations in RWPE-1 cell growth and decreased level of clonogenic survival. Asynchronously growing cultures of RWPE-1 cells were given fresh complete media daily containing 3μM PCBs for 5 days. Monolayer cultures were trypsinized, and cell numbers counted from day 1 to day 5 (Panel A). Each data point represents mean ± 1 SD of n = 6 treatment dishes from 2 separate experiments. *p < .001 compared with control. Panel B shows the data from the cells that were plated for clonogenic cell survival. Error bars represent mean ± 1 SD of n = 4 treatment dishes done in 2 separate experiments where each treatment dish was used to prepare 3 replicate cloning dishes for analysis. *p < .001 compared with control day 3, † p < .001 compared with control day 4, ¶ p < .001 compared with control day 5. Abbreviation: PCB, polychlorinated biphenyl. growth curve data, Figure 2B shows that 4-OH-PCB11-treated cells start exhibiting clonogenic cell killing starting from the third day of exposure by decreasing the percent survival from 30% to 15%, whereas the PCB11 and Aroclor air mixture did not show any significant inhibitory effect compared with vehicle control. Overall, the results in Figure 2 demonstrate that, compared with PCB11 or the Aroclor mixture, 4-OH-PCB11 had the most pronounced growth and proliferation inhibitory effects in human prostate epithelial cells. In order to determine if disrupted cell growth and decreased plating efficiency were also accompanied by the increased steady-state levels of O 2
•− , RWPE-1 cells were treated with the same PCBs as in Figure 2 , and DHE oxidation was measured as a surrogate marker of O 2
•− levels. The results in Figure 3A shows that 4-OH-PCB11 induced a 4.5-fold increase in DHE oxidation compared with vehicle control. However, PCB11 and Chicago Aroclor air mixture only slightly increased the DHE oxidation. To further confirm whether this signal was truly representative of the O 2
•− production in RWPE-1 cells, PEG-CuZnSOD-inhibitable DHE oxidation was determined. Similar increases in DHE oxidation after 4-OH-PCB11 treatment (5-fold) were also obtained when PEG-SOD-inhibitable DHE oxidation was determined, relative to PEG-alone vehicle controls (Fig. 3B) . Because CuZnSOD is considered as a specific scavenger for O 2 •− levels, we performed trypan blue and DHE-labeling experiments with lower concentrations (0.03-30nM). Our results indicate that 30nM concentrations of 4-OH-PCB11 treatment caused an increase in the DHE oxidation (Fig. 4) and a decrease in cell viability (Table 2) . However, these changes did not reach statistical significance (p = .055 for DHE oxidation and p = .062 for cell viability). At 3 and 0.3nM concentrations, we did not see any changes in either DHE oxidation or cell viability. At these low concentrations, longer than a 5-day exposure times may be required to see changes in PCB-induced ROS and/or cytotoxicity. Because exposure to 3μM of PCB11 and Chicago air mixture did not show any significant effects in ROS production or cytotoxicity in our model cell system, we were not surprised that treatment with these lower concentrations of PCB11 and air mixtures did not cause any changes in DHE oxidation and in cell viability (data not shown).
Superoxide generated intracellularly is rapidly converted to hydrogen peroxide (H 2 O 2 ) by O 2
•− dismutase enzymes at a reaction rate constant of 10 9 M −1 s −1
, which is also capable of inducing the formation of organic hydroperoxides and aldehydes (reviewed in Spitz et al., 2004) . Treatment with 4-OH-PCB11 was also able to significantly increase the steady-state levels of hydroperoxides in RWPE-1 cells as determined by CDCFH 2 oxidation (Fig. 5A) . Again, the PCB11-treated RWPE-1 cell group also suggested a slight increase in CDCFH 2 oxidation, but this increase was not significant. The experiment was repeated using the oxidation-insensitive analog (CDCF), which measures changes in dye uptake, ester cleavage, and efflux (independent of oxidation). The results showed that there were no significant differences in CDCF labeling between any treatment groups compared with control (DMSO treated) cells (Fig. 5B) . This result clearly demonstrates that the increase seen in CDCFH 2 oxidation was truly represented the changes in probe oxidation presumably due to increased levels of ROS.
Based on the above results, it is noted that 4-OH-PCB11 could significantly inhibit the RWPE-1 cell growth and decrease the clonogenic cell survival as well as being capable of increasing the O 2
•− and hydroperoxide levels in RWPE-1 cells. Our next step was to determine if treatment with antioxidants could protect human RWPE-1 cells from airborne PCB-induced cytotoxicity. In order to identify the causal relationship between the biological effects of airborne PCBs and PCB-induced increases in steady-state levels of ROS, RWPE-1 cells were treated with 4-OH-PCB11 for 1 h followed by addition of antioxidant enzymes (ie, 50 U/ml PEG-SOD and PEG-CAT) or a nonspecific thiol antioxidant (5mM NAC) for the next 23 h. This treatment sequence was repeated for 3 consecutive days using 3μM 4-OH-PCB11, and then the cells were assayed for clonogenic cell survival. In Figure 6A , the results clearly show that treatment with the combination of PEG-CAT and PEG-SOD could significantly protect the RWPE-1 cells from 4-OH-PCB11-induced toxicity, which was not seen in the PEG-only treatment group. These data demonstrate the important role that ROS play in the 4-OH-PCB11-induced cytotoxicity. When the cells were treated with 5mM NAC in Figure 6B , it is interesting to note that NAC only showed a modest effect in protecting the RWPE-1 cells from 4-OH-PCB11-induced cytotoxicity. Because NAC is a nonspecific thiol antioxidant and our previous data suggested NAC could fully rescue the RWPE-1 cell from some PCBs (PCB153, Aroclor1254, 4ClBQ) , the results in Figure 6B suggest that the spectrum of toxins produced by 4-OH-PCB11-induced cytotoxicity compared with other PCB congeners or their metabolites may differ significantly. The toxic effects of PCBs have been attributed to induction of polyploidy, telomere shortening, and micronuclei formation for genotoxicity as well as hepatotoxicity, neurotoxicity, immunotoxicity, carcinogenicity, and hormonal disruption (Demers et al., 2002; Flor and Ludewig, 2010; Jacobus et al., 2008; Moysich et al., 2002; Oakley et al., 1996; Ross, 2004) . In addition, the above results also strongly support the hypothesis that the ROS are at least in part significant mediators of cytotoxicity PCB-induced cell growth alterations in our model system.
DiSCuSSiOn
Human exposure to PCBs is mainly from food, PCBcontaminated sites, and ambient air (Demers et al., 2002;  
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Flynn and Kleiman, 1997). Recent research on the air quality sample in the Chicago area discovered a unique PCB congener, PCB11, which is inadvertently formed during the manufacturing of pigments that are now commonly used in commercial paints, printed paper, cardboard packaging, inks, textiles, etc. and underscores that the general population is still being exposed daily to airborne PCBs indoors Hu et al., 2008; Rodenburg et al., 2010) . Although the •− in airborne PCB-exposed cells as determined by DHE oxidation. Asynchronously growing cultures of RWPE-1 were incubated with 3μM PCBs daily for 5 days. Monolayer cultures were harvested and trypsinized, washed once with PBS, and labeled 40 min with 5μM DHE (in 0.1% DMSO) in PBS containing 5mM pyruvate at 37°C. Each sample was then analyzed for the MFI of 10 000 cells by flow cytometry (Panel A). Samples were assayed in triplicate; mean ± 1 SEM of 2 separate experiments containing 3 treatment dishes per group (n = 6), *p < .001 compared with control. Panel B shows the data from the third replicate of the experiments shown in panel A, in which the DHE labeling was done in the presence (100 U/ml PEG-SOD) or absence (18μM PEG alone) of PEGCuZnSOD given 2 h before and during DHE labeling. PEG-SOD-inhibitable DHE oxidation was obtained by calculating the differences in DHE oxidation between cells pretreated with PEG-SOD and with PEG alone for each treatment group. The PEG-SOD-inhibitable DHE oxidation data were then normalized to the control (non-PCB-treated cells) and plotted in panel B; means ± 1 SD (n = 3), *p < .001 compared with control. Abbreviations: DHE, dihydroethidium; DMSO, dimethyl sulfoxide; MFI, mean fluorescence intensity; PCB, polychlorinated biphenyl; PEG-CuZnSOD, polyethylene glycol-conjugated CuZn superoxide dismutase. strict regulation of PCB disposal laws has reduced the possibility of human exposure to PCBs from food and hazardous sites, there is still no effective regulation or removal of ambient air PCB pollution. Thus, it is important to understand the biological effects and mechanisms of PCB11 toxicity to develop protective strategies and predict risk factors especially for the populations exposed to airborne PCBs.
Many in vivo and in vitro studies clearly demonstrated that PCBs could cause a number of serious health effects, including effects to the immune, reproductive, nervous, and endocrine systems. Occupational research also suggests that PCBs might also relate to increased incidences of prostate and breast cancers in chronically exposed populations (Glauert et al., 2001; Laden et al., 2002; Ritchie et al., 2003) . Recent research in our group and others also indicated that exposure to PCBs could cause alterations in cell growth and proliferation through a mechanism involving oxidative stress (Hennig et al., 2002; Hassoun et al., 2002; Twaroski et al., 2001; Venkatesha et al., 2008) . It is also noted that the majority of airborne PCBs are lower chlorinated PCBs. Instead of inducing the receptor-driven toxicity, lower chlorinated PCBs are more likely to affect metabolic oxidative metabolism and induce oxidative stress. In addition, these metabolites can also react with DNA that may play an important role in carcinogenesis. For example, 4ClBQ, a metabolite of lower chlorinated PCB3, could significantly increase the steady-state levels of ROS and induce cell growth perturbation and cytotoxicity in human breast and prostate epithelial cells . However, despite the interest in PCB-induced oxidative stress, there are few new data available about airborne PCBs, particularly PCB11-and OH-PCB11-induced oxidative stress and their role in cytotoxicity and other deleterious health effects. Furthermore, obtaining this information could benefit the design of pharmaceutical antioxidant intervention to help people who are environmentally exposed to PCBs.
In this study, we have successfully detected OH-PCB11 metabolites as well as other PCB congers in human serum. The various lower chlorinated PCBs were detected in 3 volunteers shown in Figure 1 , which supports the hypothesis that inhalation of PCBs might constitute an important exposure route to humans. The high variability seen in different PCB congener profiles and concentrations in the serum samples obtained from 3 donors could be explained by the different dietary intake or inhalation as well as the physiological conditions of the different subjects. Moreover, those concentrations are still typical relative to the ranges of PCBs found in humans in previously published reports (Marek et al., 2013) . PCB11 was not detected in serum of our donors. This could be due to our limited samples size (n = 3). It is also possible that PCB11 could be metabolized rapidly, thus allowing its detection if there has been a recent exposure. More importantly, the current study is the first to provide evidence for existence of OH-PCB11 metabolites in human blood. 2-OH-PCB11, 4-OH-PCB11, and 6-OH-PCB11 were all detected in the serum samples obtained from the 3 donors (Table 1) . To understand if PCB11 and OH-PCBs are capable of altering cell proliferation, in the current study, RWPE-1 cells received 3μM PCBs for 5 consecutive days. Airborne PCBs used in the experiments includes PCB11, 4-OH-PCB11, and Aroclor air mixture. As mentioned, the metabolite of lower chlorinated PCBs could have an important role in inducing ROS. The results in Figure 2 indicate that only 4-OH-PCB11 could significantly inhibit RWPE-1 cell growth and induce clonogenic cell killing, whereas PCB11 did not show significant effects. This result is consistent with a previous study that postulates that metabolites of lower chlorinated PCB are the major mediator of PCB-induced cytotoxicity . It is interesting that the Aroclor air mixture did not exhibit any effects on the RWPE-1 cell growth. This result might be due to the lower level of heavily chlorinated PCBs and an absence of PCB metabolites from lower chlorinated PCB in airborne Aroclor mixtures.
In addition to the cell growth disturbances and disrupted cell proliferation, the results seen in Figure 3 suggest that 4-OH-PCB11 could significantly increase the steady-state level of O 2
•− as determined by the SOD-inhibitable DHE oxidation. 4-OH-PCB11 was also capable of increasing hydroperoxide •− as determined by DHE oxidation. Asynchronously growing cultures of RWPE-1 were incubated with 0.3, 3, and 30nM 4-OH-PCB11 daily for 5 days. Monolayer cultures were harvested and trypsinized, washed once with PBS, and labeled with DHE as previously described. Each sample was then analyzed for the MFI of 10 000 cells by flow cytometry. Results were reported as mean ± 1 SD of 3 separate treatment dishes per group. Abbreviations: DHE, dihydroethidium; MFI, mean fluorescence intensity; PCB, polychlorinated biphenyl. production as determined by the CDCFH 2 oxidation (Fig. 5) . It is important to know if administration of antioxidants following the PCB exposure could protect the cells from PCBinduced deleterious effects, which is the situation most often faced in human environmental exposure. RWPE-1 cells were exposed to PEG-SOD/CAT, which can be endocytosed, or a nonspecific thiol antioxidant NAC 1 h following PCB exposure. A clonogenic survival assay was performed after 3 days of exposure. Results in Figure 6A suggest that combination of PEG-SOD and PEG-CAT treatment could significantly increase the clonogenic survival following PCB exposure. Because PEG-SOD and PEG-CAT are specific scavengers for O 2
•− and H 2 O 2 , this figure clearly demonstrates that 4-OH-PCB could induce growth inhibition and irreversible loss of reproductive integrity through increased steady-state levels of ROS. Furthermore, the results in Figure 6B suggest that NAC could slightly but significantly protect the cell from PCB cytotoxicity. However, this modest protection was also accompanied by a slight decrease in survival in DMSO-treated vehicle control. Because it was previously reported (Menon et al., 2003; Menon et al., 2005 ) that NAC not only was able to act as an antioxidant molecule but also could induce cell cycle arrest and further decrease plating efficiency in some cell lines, this modest rescue effect might be due to NAC-induced alteration in the cell cycle. Overall, results in Figure 6 strongly support the hypothesis that 4-OH-PCB11-induced cytotoxicity can be mitigated by manipulation of specific antioxidant enzymes targeting O 2
•− and H 2 O 2 following the exposure. To the best of our knowledge, this is the first study revealing the existence of hydroxylated metabolites of PCB11 in Fig. 6 . RWPE-1 cells treated with PEG-CAT + PEG-SOD or 5mM NAC 1 h following PCB exposure are protected from PCB-induced toxicity. Asynchronously growing cultures of RWPE-1 were incubated with a daily dose of 3μM PCBs for 3 days. One hour after PCB treatment each day, PEG-CAT/SOD (50 U/ml each) (Panel A) or NAC (5mM) (Panel B) was added to the dishes. Three days later, cells were replated for clonogenic survival assay. Errors represent ± 1 SEM of 3 separate experiments, each experiment had 1 treatment dish and 3 replicate cloning dishes (n = 3); in panel A, *p < .001 compared with control PEG alone, † p < .01 compared with control + PEG-SOD/CAT, ¶ p < .01 compared with 4-OH-PCB11 group + PEG alone; in panel B, *p < .001 compared with control without NAC, † p < .01 compared with control + NAC, ¶ p < .01 compared with 4-OH-PCB11 without NAC. Abbreviations: NAC, N-acetylcysteine; PCB, polychlorinated biphenyl; PEG-CAT, polyethylene glycol-conjugated catalase; PEG-SOD, polyethylene glycol-conjugated CuZn superoxide dismutase.
human blood. The current study is also the first to demonstrate that 4-OH-PCB11 was able to induce cell growth inhibition as well as decreased clonogenic survival through increased steady-state levels of O 2
•− and H 2 O 2 . Furthermore, our results also provide important information that administration of antioxidants targeting specific ROS (ie, O 2
•− and H 2 O 2 ) could rescue human prostate cells from airborne PCB intoxication following exposure. Future experiments will be focusing on the specific sites of ROS production following exposure to airborne PCB congeners and their effects on intracellular antioxidant profiles. In order to further provide proof-of-principle information for designing the pharmaceutical interventions to protect people from PCB-induced adverse health effects, animal experiments will be also included in our future studies.
Overall, results presented in this study and Marek et al. (2013) as well as recent in vivo inhalation studies conducted with lower chlorinated PCBs, strongly suggest that the potential risks of exposure to airborne PCBs (including inadvertent by-products of paint industry such as PCB11) are far more significant than originally thought. In addition, the current regulatory practices do not take into account of the possible risk factors linked with long exposures to low levels of airborne PCBs, which can be easily metabolized in mammalian tissues. Therefore, comprehensive future studies are required to understand the risks and mechanisms of toxicity associated with airborne PCBs to reexamine our current regulatory standards for these sources of PCBs.
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